Abstract Purpose:This study aimed to test the hypothesis that elevated expression of antiapoptotic Bcl-2 family proteins predicts a poor therapeutic response of oropharyngeal squamous cell carcinoma (OPSCC) to concurrent platinum-based chemoradiation therapy. Experimental Design: Levels of Bcl-2, Bcl-X L , and Bcl-w were determined and correlated with resistance to cisplatin in a large panel of cell lines derived from squamous cell carcinoma of the head and neck (HNSCC). Univariate and multivariate analyses were used to evaluate the relationship between Bcl-2 and Bcl-X L expression and disease-free survival following chemoradiation therapy in a uniformly treated cohort of patients with OPSCC. Results: In HNSCC cell lines, high endogenous Bcl-2 expression was associated with increased cisplatin resistance, and experimental overexpression of Bcl-2 promoted cisplatin resistance. In patients, tumors positive for Bcl-2 before treatment had greater risk of treatment failure (hazard ratio, 5.99; 95% confidence interval, 1.73^20.8; P = 0.0014). In contrast, endogenous Bcl-X L showed no correlation either with cisplatin sensitivity in the cell line panel in vitro, or with risk of recurrence in vivo (hazard ratio, 1.28; 95 % confidence interval, 0.39^4.19; P = 0.68). Associations between Bcl-2 expression and other clinical characteristics did not account for the predictive value of Bcl-2. Conclusions: Immunohistochemical assessment of Bcl-2 in pretreatment biopsy specimens can predict response of advanced OPSCC to concurrent platinum-based chemoradiation. As treatments targeting Bcl-2 and its family members become available, this immunohistochemical assessment could help personalize therapy by identifying a subpopulation of patients with a poor prognosis who might benefit from such treatments.
Identifying pretreatment molecular markers that can predict response to therapy is of great interest in head and neck oncology and is required to develop personalized treatments that maximize survival while minimizing morbidity. Numerous approaches have been examined in head and neck squamous cell carcinoma (HNSCC), including the use of individual and combined markers and global genomic strategies, with some limited success (1) . In oropharyngeal squamous cell carcinoma (OPSCC), for example, infection with human papilloma virus (HPV) is associated with improved survival (2 -6), whereas high levels of the epidermal growth factor receptor are associated with treatment resistance (6) . Nevertheless, neither of these markers has sufficient predictive power to individualize treatment selection and direct therapy. Global genomic approaches that identify prognostic gene signatures have not cleared the important hurdle of reproducibility, because different genomic marker sets share few genes (7 -9) . Consequently, additional markers of response are needed to predict outcome, guide the intensity and choice of therapy, and point the way to novel therapeutic targets.
Recent studies on the in vitro response to genotoxic agents in HNSCC have described cellular pathways related to treatment resistance and identified potential markers of therapeutic response. One pathway thought to be important for cellular survival in HNSCC involves two members of the p53 family, TAp73 and DNp63a ( Fig. 1A; ref. 10) . TAp73 isoforms, which share many of the proapoptotic functions of p53, are highly expressed in cultured HNSCC cells and primary tumors, unlike in the normal epithelial cells of origin (11) . Genotoxic treatments of these tumor cells activate a TAp73-dependent apoptotic transcriptional program that leads to cell death even in the absence of functional p53 (12) . Indeed, the association of some p53 mutants with treatment resistance in HNSCC is postulated to arise from their inhibition of p73-dependent apoptosis (13) .
We have found (11, 14) that the proapoptotic effects of TAp73 are often kept in check by DNp63a, the predominant form of p63 in normal epithelia and in HNSCC (15) . DNp63a, normally restricted to basal cells of squamous epithelia, is highly expressed in most HNSCC (15, 16) . In HNSCC where DNp63a inhibits TAp73 function, platinum-based chemotherapeutic agents have been proposed to act by inducing degradation of DNp63a (17) and phosphorylation of TAp73 (18) , allowing expression of the TAp73-induced proapoptotic pathway and cell death. Consistent with DNp63a as a target of platinum agents, one study showed that HNSCC not expressing DNp63a are resistant to such chemotherapy (19) .
This key role of DN63a in tumor cell survival (11, 14, 18 ) led us to ask how HNSCC cells that do not express antiapoptotic DNp63a manage to survive. Neither TAp73 nor downstream apoptotic triggers like p53-up-regulated modulator of apoptosis are typically lost in HNSCC (20) . Rather we found that cell lines deficient in DNp63a overexpress the antiapoptotic protein Bcl-2, which acts downstream of TAp73 to block cell death ( Fig. 1A; ref. 14) . Based on these findings, we hypothesized that if high Bcl-2 allows HNSCC cells to stay alive in the absence of endogenous DNp63a, high Bcl-2 might also enhance survival of cells subjected to chemotherapy that leads to loss of DNp63a.
Antiapoptotic members of the Bcl-2 family such as Bcl-2, Bcl-X L , and Bcl-w control the integrity of the outer mitochondrial membrane, thereby regulating the susceptibility to apoptosis through the intrinsic pathway (21) . In numerous studies, elevated expression of antiapoptotic Bcl-2 family members has been associated with resistance to chemotherapy (reviewed in ref. 22 ). In HNSCC, both Bcl-2 and Bcl-X L expression have been associated with resistance to genotoxic therapy, although there have been inconsistent reports about the relative contribution of each protein, with several studies presenting conflicting results (23 -25) .
In the present study we examined how these proapoptotic and antiapoptotic proteins correlate with cisplatin resistance in vitro and, in a well-characterized cohort of patients having OPSCC, with clinical outcome following chemoradiation treatment. Consistent with our model, in vitro resistance to cisplatin correlated positively with Bcl-2 levels. In patients, high pretreatment Bcl-2 levels in tumors were strikingly correlated with poor clinical outcome. Bcl-X L , in contrast, showed little or no correlation with cisplatin sensitivity in vitro or with clinical outcome following chemoradiation treatment.
Translational Relevance
Previous studies have reported conflicting outcomes regarding the role of Bcl-2 family members in predicting treatment outcome in squamous cell carcinoma of the head and neck (HNSCC). Our prior studies had identified Bcl-2 as critical for survival of cell lines derived from HNSCC. In this study we first showed that high Bcl-2 expression is specifically correlated with resistance to cisplatin among these cell lines. In a uniformly treated cohort of patients with advanced oropharyngeal squamous cell carcinoma, we showed that elevated pretreatment Bcl-2 levels predict therapeutic resistance to platinum-based concurrent chemoradiation. This study defines a novel subgroup of patients who will require more aggressive or novel therapies to achieve survival rates comparable to patients having Bcl-2^negative tumors. Furthermore, the elevated levels of Bcl-2 found in this subgroup of patients represent an attractive therapeutic target for small-molecule Bcl-2 inhibitors currently being developed. 
Materials and Methods
Cell lines. Cell lines derived from HNSCC were generous gifts of David Sidransky (Johns Hopkins University) or of Robert Ferris (University of Pittsburgh Cancer Institute), or were obtained from the American Type Culture Collection. Supplementary Table S1 provides information on specific cell lines. Cells were maintained at 37jC with 5% CO 2 in either RPMI or DMEM supplemented with 10% fetal bovine serum and with penicillin/streptomycin.
Expression constructs. Reverse transcription PCR of human fibroblast cDNA was used to subclone cDNA for Bcl-2, Bcl-X L , or Bcl-w into the BamHI/XhoI restriction sites of the pLPC retrovirus expression vector (primer sequences available on request). Production of high-titer amphotrophic retroviral stocks and retroviral infection was done as described (14) .
Protein and mRNA analysis. Methods of protein detection by Western blot, RNA extraction, cDNA preparation, and quantitative real-time PCR (qRT-PCR) were as in a previous study (14) , except that HotStart-IT Taq Master Mix (USB) supplemented with SybrGreen (Invitrogen) was used for PCR. Expression plasmids for Bcl-2, Bcl-X L , Bcl-w, DNp63a, and TAp73h were used to prepare standard curves for qRT-PCR. PCR results are expressed as femtograms of coding-sequence DNA providing qRT-PCR results equivalent to cDNA corresponding to 50 ng total RNA. Primers for PCR of p63 and p73 (sequences available on request) were specific for their DN and TA forms, respectively, but did not distinguish COOH-terminal variants. The anti-p63 4A4 antibody (MS 1081; NeoMarkers) recognizes the DNA-binding domain common to all forms of p63.
Analysis of cisplatin sensitivity. Cells in 96-well plates were treated with cisplatin for 48 h, followed by analysis of cell viability with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; ref. 18) . Data for MTT signal versus cisplatin concentration were analyzed with the drfit package of the R statistical software environment (http://www.r-project.org) to obtain the IC 50 , the concentration at which the MTT signal was reduced by half.
Patient data. Human studies approval was obtained from the Massachusetts General Hospital Internal Review Board (Partners Human Research Committee) to obtain archival tumor specimens and do retrospective chart review. Patients with squamous cell carcinoma of the oropharynx were identified in the Massachusetts General Hospital pathology database. Inclusion criteria were: (a) biopsy-proven squamous cell carcinoma of the oropharynx treated definitively with concurrent chemoradiation, with or without neck dissection; (b) no prior history of head and neck squamous cell carcinoma; (c) no prior history of head and neck irradiation; (d) pretreatment biopsy paraffin block available; (e) adequate documented clinical follow-up for at least 2 y or until a recurrence proven by biopsy; and (f) use of a platinum-based agent for chemotherapy (cisplatin or carboplatin with paclitaxel). Of 69 patients meeting the first three criteria, tumor specimens were unavailable for 13, 8 did not meet the minimum follow-up, and 10 received a different chemotherapy regimen. Results are reported for the remaining 38 patients. Entry into the study was set as the initial biopsy date (all from May 1996 to May 2005). During the course of radiation, chemotherapy was administered either as cisplatin (100 mg/m 2 i.v. over 1 h) every 3 wk for up to 3 cycles, or as weekly administrations of carboplatin (area under the curve = 1.5 i.v. over 30 min) and paclitaxel (45 mg/m 2 i.v. over 30 min) for up to 7 treatments as tolerated. Radiation therapy was delivered as intensity modulated radiation therapy five times weekly in daily fractions of 1.8 to 2.12 Gy for a total of 33 to 40 fractions to the gross tumor volume, or as a concomitant boost accelerated fractionation schedule (72 Gy delivered to the gross tumor volume). Lymph nodes received 45 to 60 Gy according to the level of risk. Patients were evaluated closely each 4 to 6 wk during the first 2 y of follow-up. The median follow-up since initial biopsy of the 26 patients both alive and disease free at last follow-up was 46.5 mo (range, 31 -126 mo). One patient died without evidence of recurrent disease after 25 mo. Statistical analysis was done in the R environment, including the survival package for analysis of disease-free survival.
Immunohistochemistry. BenchMark XT automated tissue staining systems (Ventana Medical Systems, Inc.) were used, with protocols provided by the manufacturer. Endogenous peroxidase activity was blocked by H 2 O 2 . A combination of EDTA and boric acid in Tris buffer (CC1 reagent; Ventana) was applied to the tissues for antigen retrieval for 30 to 60 min prior to washing and primary antibody incubation. Primary antibodies and incubation times were: p63 (4A4; 1:200 dilution; 8 min), Bcl-2 prediluted antibody (Ventana; 1 h 52 min), and Bcl-X L (1:40 dilution; NeoMarkers; 32 min). Secondary antibodies were UltraView horseradish peroxidase -conjugated multimers (goat antimouse and rat Igs.; Ventana). Antigen detection was done using UltraView diaminobenzidine chromogen (Ventana). Tissues were counterstained with hematoxylin.
A pathologist blinded to outcome (WCF) used the criteria of Jackel et al. (26) to score Bcl-2 and Bcl-X L immunohistochemistry. An intensity score (0, absent; 1, weak; 2, moderate; 3, strong) and a prevalence score (0, <25% of tumor stained; 1, 25 -75% stained; 2, >75% stained) were added; a total of z3 was called positive.
HPV analysis. HPV-16 DNA was detected by in situ hybridizationcatalyzed signal amplification for biotinylated probes (GenPoint; Dako), as described previously (27) . A HPV-16 -positive tumor specimen provided a positive control. A pathologist blinded to outcome (WHW) scored slides as positive for HPV-16 if there was a punctate signal specific to tumor cell nuclei.
Results
Cisplatin resistance of cell lines derived from HNSCC was related to Bcl-2 expression. Our and others' previous work linked the expression of both p63 and p73 to cisplatin sensitivity in HNSCC and other tumors ( Fig. 1A ; refs. 10, 18). Therefore, we first examined whether their endogenous expression correlated with cisplatin sensitivity in a panel of 19 HNSCC-derived cell lines. We used real-time quantitative RT-PCR (qRT-PCR) to assay the major p63 and p73 isoforms expressed in HNSCC, DNp63a, and TAp73. We compared expression levels with cisplatin resistance (IC 50 ) determined from a quantitative dose-response assay (MTT). Because DNp63a has been shown to promote survival of HNSCC cells and to be targeted for degradation by cisplatin (14, 17) , we predicted that low DNp63a expression would be associated with cisplatin resistance. Indeed, low DNp63a expression was highly associated with cisplatin resistance (r = 0.70, P = 0.0008; Supplementary Fig. S1 ). Also as predicted, low endogenous expression of TAp73, an effector of cell death in response to cisplatin (28) , was correlated with cisplatin resistance ( Supplementary Fig. S2 ).
We next examined correlation of Bcl-2 with cisplatin resistance in these cell lines. We had previously shown that Bcl-2 expression correlates inversely with DNp63a levels and potently blocks TAp73-dependent apoptosis in HNSCC cells, suggesting that Bcl-2 expression might be a strong predictor of cisplatin resistance. As shown in Fig. 1B , we found in the present study that Bcl-2 expression was significantly correlated to cisplatin resistance among these cell lines (r = 0.72, P = 0.00055; Supplementary Table S1). We also examined expression of two other antiapoptotic members of the Bcl-2 family, Bcl-X L , and Bcl-w, which are thought to have similar target binding specificity as Bcl-2 (22) . Of these, Bcl-X L has been associated in some studies with cisplatin resistance (29) and with poor outcome in HNSCC (6) . In contrast to the results with Bcl-2, expression of these other antiapoptotic members of the Bcl-2 family was not correlated to cisplatin resistance ( Fig. 1C and D) .
To examine mechanisms that might account for this correlation between Bcl-2 expression and cisplatin resistance, we investigated the effects of overexpressing Bcl-2 in a subset of these cell lines. Figure 2A shows results of such an experiment on the JHU029 cell line, a line highly sensitive to cisplatin. Cells were infected with control retrovirus or with virus coding for Bcl-2, selected with puromycin for stably infected cells, and then subjected to cisplatin. Control cells expressed high levels of DNp63a and very low levels of Bcl-2 protein, as we reported previously for this cell line (14) . Cisplatin treatment led to loss of DNp63a, consistent with a previous report in other HNSCC lines (17) . The apoptotic program elicited by loss of DNp63a is evidenced by expression of the p53/p73 target gene NOXA and cleavage of poly ADP-ribose polymerase after exposure of control cells to cisplatin ( Fig. 2A, leftmost two lanes) .
JHU029 cells overexpressing Bcl-2 showed loss of DNp63a and induction of NOXA similar to that in control cells, so upstream steps in the response to cisplatin were intact despite Bcl-2 overexpression. Cells overexpressing Bcl-2, however, did not show the classic downstream sign of apoptosis, cleavage of poly ADP-ribose polymerase ( Fig. 2A ; compare the second and fourth lanes from the left). This result was consistent with the position of Bcl-2 along the apoptotic cascade; Bcl-2 inhibits BH3-only proapoptotic proteins from initiating mitochondrial lysis and the resulting activation of caspases, whose subsequent cleavage of poly ADP-ribose polymerase is a sign of apoptosis (22) . Thus overexpression of Bcl-2 in this cell line allowed early steps in the response to cisplatin, but inhibited downstream apoptotic mechanisms.
The effect of Bcl-2 overexpression on cisplatin resistance in this sensitive cell line is shown in Fig. 2B . In this experiment, control cells and cells overexpressing Bcl-2 were exposed to a range of cisplatin concentrations covering those reached in clinical practice (30, 31) , and cell viability was assessed with MTT. Bcl-2 overexpression shifted the cisplatin concentrationresponse curve to the right. After overexpression of Bcl-2, about half of the cells escaped death after 48 hours' exposure to 3 Ag/mL of cisplatin, conditions that killed almost all control cells. We did similar studies of Bcl-2 overexpression on eight additional HNSCC cell lines, with both high and low DNp63a expression. As shown in Fig. 2C , overexpression of Bcl-2 led to a 50% increase in cisplatin IC 50 over all nine lines tested. Thus, Bcl-2 overexpression could increase cisplatin resistance in these cell lines regardless of DNp63a status.
To determine whether reduction of Bcl-2 expression would decrease resistance to cisplatin, we attempted to prepare cell lines with stably reduced Bcl-2 levels by infecting cells with lentivirus coding for short hairpin RNAs targeting Bcl-2 for knockdown. In all our attempts, no cells expressing such shRNAs survived puromycin selection for infected cells, whereas puromycin-resistant cells infected with control lentiviruses were readily obtained with high efficiency (not shown). These results suggest that basal expression of endogenous Bcl-2 plays a significant role in survival of these cell lines.
Poor outcome following chemoradiation treatment of advanced OPSCC was related to Bcl-2 expression in pretreatment tumors. Based on these cell-line studies, we decided to examine whether pretreatment Bcl-2 expression might serve as a marker for poor outcome after concurrent chemoradiation of HNSCC. Because previous studies had suggested that Bcl-X L could serve as such a marker (6, 29) , we chose to include Bcl-X L expression in our analysis, although Bcl-X L expression did not correlate with cisplatin resistance among the cell lines (Fig. 1C) . Bcl-w was not analyzed in the tumors because it failed to correlate with cellline cisplatin resistance and has not been reported as a marker of response in HNSCC. Given our findings in cell lines and 
Selection of patients; immunohistochemical evaluation. We examined characteristics and outcomes of patients having stage III or IV OPSCC treated with concurrent radiation and platinum-based chemotherapy, the present standard of care for such patients (32) . In addition to the well-defined anatomical origin of these tumors, essentially all patients presenting with this disease receive the same treatment at our institution, minimizing pretreatment selection bias. Clinical characteristics of the patients are presented in Table 1 .
To facilitate comparison with results from other institutions, we used commercially available reagents and automated equipment for immunohistochemical staining of p63, Bcl-2, and Bcl-X L in pretreatment biopsy specimens. The pathologist evaluating the staining was unaware of treatment outcomes and used a published technique, described in Materials and Methods, that combines both staining intensity and prevalence to classify a tumor as positive for an antigen. With respect to Bcl-2, particular care was taken to exclude lymphocytes from immunohistochemical scoring. Although infiltration by lymphocytes, which are Bcl-2 -positive, can be a positive prognostic sign (33), we wished to restrict analysis of Bcl-2 to the tumor cells in which elevated Bcl-2 was predicted to be associated with poor outcome following genotoxic therapy.
Staining for p63 was not helpful in distinguishing among tumors. All 38 tumors showed moderate to robust staining for DNp63a, although the staining patterns differed substantially among tumors. Examples of DNp63a staining patterns are shown in Fig. 3A . Due to the large fraction of p63-positive tumor cells in all cases, we could not classify tumor DNp63a status in a way that provided a useful marker for treatment outcome.
Patients with tumors expressing Bcl-2 were at greater risk of recurrence. Classification of tumors for Bcl-2 and Bcl-X L staining, in contrast, was straightforward. Half of the tumors were positive for Bcl-X L staining, and 11 of 38 (29%) were positive for Bcl-2. Unlike some other studies that found inverse correlations of these two antiapoptotic proteins among individual tumors (24, 34), we found examples of all combinations of Bcl-2 and Bcl-X L staining, as illustrated in Fig. 3B . In fact, the distributions of Bcl-2 and Bcl-X L among these tumors were independent of each other, with one half of both Bcl-2 -positive and Bcl-2 -negative tumors showing Bcl-X L expression (Table 1 ; P = 1 by Fisher exact test).
As we wished to test the hypothesis that Bcl-2 expression is a marker of poor outcome of therapy, we examined whether Alcohol refers to a history of alcohol abuse or dependence. Of the 38 patients, all of whom were followed for at least 31 mo or until recurrence, 11 had recurrent disease. * Hazard ratios based on Cox proportional hazard analysis. Reference level of each characteristic is shown as hazard ratio of 1, with an increased hazard ratio indicating increased risk of recurrence. P values for significant differences in hazard ratios among levels of each characteristic based on log rank test. c P values by Fisher exact test for differences from independent joint distributions of each characteristic with respect to Bcl-X L or Bcl-2 staining.
Bcl-2 expression was correlated to other clinical characteristics that might affect outcome. As shown in Table 1 , no other clinical characteristics differed significantly (at P < 0.05) among the groups distinguished by Bcl-2 staining. We then did Cox proportional hazard analysis on disease-free survival as a function of Bcl-2 status. Patients with pretreatment tumors staining for Bcl-2 had much shorter disease-free survival, as predicted by our model. This univariate analysis found a hazard ratio of 5.99 for patients with tumors expressing Bcl-2 (95% confidence interval, 1.73 -20.8; P = 0.0014 by logrank test). Pretreatment Bcl-X L status, in contrast, bore no relation to disease-free survival (95% confidence interval for hazard ratio, 0.39 -4.19; P = 0.68). Figure 4 shows KaplanMeier plots illustrating this difference between Bcl-2 ( Fig. 4A) and Bcl-X L (Fig. 4B) status. (Analysis of overall survival was uninformative, because only seven patients died, including one with no sign of recurrent disease.) These relations of diseasefree survival to pretreatment tumor Bcl-2 and Bcl-X L status were consistent with our cell-line results (Fig. 1B and C) .
Of the 11 patients whose tumors recurred, recurrence was at a distant site in 4 of 7 Bcl-2 positive cases, versus 1 of 4 cases having pretreatment tumors negative for Bcl-2. This difference was not statistically significant (P = 0.55, Fisher's exact test).
In addition to Bcl-2 status, univariate Cox proportional hazard analyses for each clinical characteristic in Table 1 found no significant relations to disease-free survival (at P < 0.05) except for disease stage, with no recurrences in 10 patients presenting with stage III disease (of whom only 1 had a Bcl-2 -positive tumor).
Forward stepwise multivariate analysis identified low Bcl-2, HPV positivity, disease stage III, female gender, site other than tonsil or tongue base, and age >65 y as significant positive predictors for disease-free survival. Detailed analysis of these additional predictors showed that there were no recurrences in seven female patients (none Bcl-2 positive) or in five patients >65 y (with only 1 Bcl-2 positive). Out of four patients with tumors in oropharyngeal sites other than tonsil or tongue base, the single patient with recurrence had a Bcl-2 -positive tumor. Thus, multivariate analysis provided little additional predictive value over Bcl-2 expression alone, except for the already known relationship between good outcome and HPV infection.
Finally, although we had found no clinical characteristics significantly correlated to Bcl-2 status in this study, we recognized that the sample size of only 38 patients might limit the power to detect true correlations of Bcl-2 with other characteristics. Thus, we also examined three clinical characteristics that both came close to significant correlations with Bcl-2 expression and had significant or near-significant univariate relations to disease-free survival (Table 1) : gender, N score, and disease stage. None of seven female patients had Bcl-2 -positive tumors or recurrent disease. Ten of 11 Bcl-2 -positive tumors were associated with an N score of 2, and 10 of 11 patients with Bcl-2 -positive tumors presented with stage IV disease. To examine the practical implications of interactions with these characteristics for using Bcl-2 as a marker, we repeated disease-free survival analysis while restricting analysis to males (31 patients), to N score 2 (23 patients), or to disease stage IV (28 patients). As shown in Fig. 5 , Bcl-2 expression was associated with shorter disease-free survival in each of these subgroups. Thus pretreatment expression of Bcl-2 in tumors was associated with substantially increased risk of poor outcome following chemoradiation treatment of OPSCC, in a way that was not substantially related to covariation of Bcl-2 status with other clinical characteristics of the patients.
Discussion
Predictive value of p63. We expected that staining for p63 would be at best of limited predictive usefulness, because the vast majority of primary HNSCC express high levels of p63 as assessed by routine immunohistochemistry. Our ability to detect a correlation between p63 expression and cisplatin resistance in HSNCC cell lines may be due in part to the larger dynamic range of mRNA analysis. Furthermore, our cell-line studies showed that Bcl-2 overexpression could lead to increased cisplatin resistance even in cells expressing DNp63a (Fig. 2C) . Thus, some tumors resistant to therapy might nevertheless be p63-positive. Different approaches to classifying p63 expression or analysis of different HNSCC cohorts might yield more informative results. For example, use of Western blot analysis on fresh protein extracts from HNSCC primary tumors was able to correlate DNp63a expression with sensitivity to chemoradiation (19) .
Predictive value of Bcl-2. Our results support the hypothesis, based on the underlying molecular mechanisms, that pretreatment Bcl-2 status is closely related to the success of chemoradiation treatment of OPSCC. Elevated Bcl-2 expression in the primary tumor is associated with significantly increased risk of recurrence. At the time of last follow-up, only 4 of 27 patients (15%) with tumors negative for Bcl-2 had recurrent disease, whereas nearly two thirds (7 of 11) of those with tumors positive for Bcl-2 had recurrence. In contrast, pretreatment Bcl-X L staining was not related to outcome, with about one third of patients in each Bcl-X L category having recurrence.
Relation to previous reports. The present study points a way toward understanding apparently incompatible previous reports of relations between Bcl-2 expression and patient outcomes in HNSCC, which have ranged from good prognosis through no relation to poor prognosis (24, 25, 34 -41) . First, we chose a well-defined subset of HNSCC with a defined anatomical source and with essentially identical treatment in all cases. A defined tumor origin in this type of study is crucial, because tumors originating from different sources may differ Table 1 ). Kaplan-Meier plots of disease-free survival, with times of last follow-up indicated by cross-marks. Bcl-2 expression was related to significantly increased risk of recurrence (A) whereas risk of recurrence was not related to Bcl-X L (B). See Table 1and text for Cox proportional hazard analysis. substantially in the selective pressures they have faced, their mutational strategies before clinical presentation, and their responses to therapy (32, 42) . The type of tumor we examined posed few problems in terms of bias arising from selection of treatment. There also was at most limited relation between pretreatment Bcl-2 status and other clinical characteristics of the patients. We thus could relate differences in Bcl-2 status to differences in treatment outcome while minimizing confounding influences of other uncontrolled factors.
Second, we used a standardized immunohistochemical method and strict criteria for scoring tumors as positive for Bcl-2, combining staining intensity and prevalence into a single score (26) . In evaluating stained specimens, we only scored staining of tumor cells, explicitly ignoring lymphoid tissue or Bcl-2 -positive lymphocytes infiltrating the tumors.
Third, we examined the relation of Bcl-2 expression to the outcome of a treatment that should be influenced directly by the antiapoptotic effects of Bcl-2, chemoradiation. In particular, we did not include patients subjected to primary surgery with curative intent. Whereas simple correlations between a biomarker and outcome can serve prognosis regardless of the underlying mechanisms, the strongest relation between a biomarker and treatment outcome is expected for a marker directly related to the mechanism of the treatment. That was the case for the relation of Bcl-2 to protection from apoptosis in the present study.
Notably, prior studies of HNSCC that shared the strengths of the present study -an adequate number of Bcl-2 -positive tumors with well defined origin, no major relation between Bcl-2 status and other clinical characteristics, Bcl-2 scores limited to tumor cells, and examining response to a standardized treatment that damaged DNA -also showed the relation we predicted and found between Bcl-2 status and treatment outcome. Examples are studies on response to primary radiation therapy of stage I and II tumors of the oral cavity, pharynx, and larynx (35) and in early-stage laryngeal tumors (25) . Contrary reports of no prognostic value or a positive prognostic value of pretreatment Bcl-2 expression in HNSCC often involved studies with few Bcl-2 -positive cases (43 -45) , not specifically examining the effects of treatments that damage DNA (24, 37, 39 -41) , having correlations of Bcl-2 with unrelated positive prognostic indicators (36, 38), or not explicitly excluding tumor-associated lymphoid tissue in the Bcl-2 scoring.
Differences between the patient population in the present study and those in other studies may also account for some discrepancies. For example, almost all (88%) of the patients in the study by Aebersold et al. (34) on responses of advanced oropharyngeal tumors to radiation therapy were smokers, versus only about one half (55%) in the present study. Furthermore, in the study by Aebersold et al., smoking was associated with low Bcl-2 expression, whereas we found no association of smoking history with Bcl-2. Another possibility is that Bcl-2 might be more closely related to outcome after platinum-based chemotherapy or concurrent chemoradiation than to outcome after primary radiation therapy. Although platinum-based chemotherapy and radiation both damage DNA and lead to apoptosis, differences in the intensity and nature of the DNA damage and subsequent apoptotic pathways after the two types of treatments might be associated with differences in the ability of Bcl-2 to prevent apoptosis, or combination therapy might alter apoptotic thresholds so that Bcl-2 expression is more important to tumor cell survival.
Although our results did not show a relation of Bcl-X L expression and outcome following chemoradiation therapy of OPSCC, they do not rule out roles of Bcl-X L in helping to determine treatment responses in HNSCC. Studies examining primary radiation treatment (25, 35) have shown that elevated Bcl-X L is associated with worse outcome in some forms of HNSCC. Furthermore, although we did not find a correlation of endogenous Bcl-X L expression with cisplatin resistance in cell lines derived from HNSCC, we have found that exogenous overexpression of Bcl-X L in these cell lines can increase their cisplatin resistance (not shown). It will be important to characterize the specific roles of Bcl-2 and Bcl-X L in different types of HNSCC and in the responses to different types of cytotoxic therapy. Differences in cellular mechanisms responding to radiation versus platinum-based chemotherapy, or interactions of p53 status with proapoptotic and antiapoptotic mechanisms, might explain some of the yet-unresolved differences in prognostic significance between Bcl-2 and Bcl-X L . Dynamics of subcellular localization may also play a role because Bcl-2 is constitutively membrane-bound to the mitochondria, whereas Bcl-X L and Bcl-w are cytosolic and translocate to the mitochondria during apoptosis (46) .
Relation to HPV. Our identification of Bcl-2 as an important prognostic marker in advanced OPSCC complements recent studies identifying HPV as a predictor of therapeutic response and overall survival (2 -6). Patients with HPV-associated HNSCC typically are younger, lack the traditional HNSCC risk factors of alcohol and tobacco, and are more likely to have a higher number or oral and vaginal sexual partners (3). There was no correlation between HPV infection and either Bcl-2 or Bcl-X L status among the patients in the present study, indicating that HPV and Bcl-2 status might be independent predictors of disease-free survival. A larger study would be required to determine the nature of interactions between Bcl-2 and HPV status for predicting outcome of OPSCC.
Implications for therapy. Patients having oropharyngeal tumors with low Bcl-2 expression typically had favorable outcomes following concurrent chemoradiation therapy, so the major outstanding clinical problem is the poor outcome typical of patients with high Bcl-2 expression. In this subset of patients, upfront surgery followed by chemoradiation may be a therapeutic option when the oropharyngeal primary is amenable to resection with acceptable morbidity. In this regard, transoral robotic surgery for base of tongue neoplasms might provide a minimally invasive approach that leads to less morbidity than classic open or endoscopic transoral laser surgical approaches (47) . For patients with high Bcl-2 expression in tumors where surgical resection is impossible or would yield excess morbidity, clinically effective medical treatments must be identified. Options to explore for this subgroup include non-platin chemotherapy (e.g. taxanes or fluorouracil) either as induction therapy prior to radiation (48) or concurrent with radiation (49) . Most interesting for this subset would be biologic therapies, such as anti -epidermal growth factor receptor monoclonal antibodies or smallmolecule Bcl-2 inhibitors, with radiation. Retrospective analyses of Bcl-2 expression in tumor specimens from published trials of radiation therapy with or without combinations of cetuximab and cisplatin (reviewed in ref. 32 ) could validate and extend the results of this present study, and potentially clarify whether cetuximab can limit the apparent resistance to radiation of tumors expressing high levels of Bcl-2.
The correlation of Bcl-2 with therapeutic response to chemoradiation in advanced OPSCC is consistent with its known role as a primary regulator of apoptosis. This interpretation is supported by our in vitro data relating both endogenous Bcl-2 expression and overexpressed exogenous Bcl-2 to cisplatin resistance in HNSCC cell lines. As previously suggested, Bcl-2 may thus be an attractive therapeutic target in OPSCC. The recent solution of the structure of antiapoptotic Bcl-2 family members (reviewed in ref. 46 ) has resulted in the design of a number of novel small molecule inhibitors currently under active therapeutic evaluation (21, 50) . Targeting Bcl-2 with these agents in the clinical trial setting may be a compelling approach in patients with OPSCC predicted to do poorly due to elevated pretreatment Bcl-2 expression when upfront resection offers unacceptable morbidity. Phase I-II studies of small molecule Bcl-2 inhibitors are early in development. Studies of these agents in patients whose head and neck squamous cancers overexpress Bcl-2 are eagerly awaited.
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